We report on low-temperature transport study of a single layer graphene (SLG)-twisted bilayer graphene (tBLG) junction device. The atomically sharp SLG-tBLG junction in the device is grown by chemical vapor deposition and the device is fabricated in a Hall-bar configuration on Si/SiO 2 substrate. The longitudinal resistances across the SLG-tBLG junction (cross-junction resistances) on the two sides of the Hall bar and the Hall resistances of SLG and tBLG in the device are measured. In the quantum Hall regime, the measurements show that the measured cross-junction resistances exhibit a series of new quantized plateaus and the appearance of these resistance plateaus can be attributed to the presence of the well-defined edge-channel transport along the SLG-tBLG junction interface. The measurements also show that the difference between the cross-junction resistances measured on the two sides of the Hall-bar provides a sensitive measure to the edge channel transport characteristics in the two graphene layers that constitute the SLG-tBLG junction and to degeneracy lifting of the Landau levels in the tBLG layer. Temperature dependent measurements of the cross-junction resistance in the quantum Hall regime are also carried out and the influence of the transverse transport of the bulk Landau levels on the edge channel transport along the SLG-tBLG junction interface are extracted. These results enrich the understanding of the charge transport across interfaces in graphene hybrid structures and open up new opportunities for probing exotic quantum phenomena in graphene devices.
Abstract
We report on low-temperature transport study of a single layer graphene (SLG)-twisted bilayer graphene (tBLG) junction device. The atomically sharp SLG-tBLG junction in the device is grown by chemical vapor deposition and the device is fabricated in a Hall-bar configuration on Si/SiO 2 substrate. The longitudinal resistances across the SLG-tBLG junction (cross-junction resistances) on the two sides of the Hall bar and the Hall resistances of SLG and tBLG in the device are measured. In the quantum Hall regime, the measurements show that the measured cross-junction resistances exhibit a series of new quantized plateaus and the appearance of these resistance plateaus can be attributed to the presence of the well-defined edge-channel transport along the SLG-tBLG junction interface. The measurements also show that the difference between the cross-junction resistances measured on the two sides of the Hall-bar provides a sensitive measure to the edge channel transport characteristics in the two graphene layers that constitute the SLG- The physics of graphene, a two-dimentional material with honeycomb lattice, has been intensively investigated over the past decade [1] [2] [3] [4] . Unlike massive charge carriers in conventional semiconductors, carriers in single layer graphene (SLG) exhibit a linear energy-momentum dispersion relation and behave as chiral massless particles. In the case of bilayer graphene, stacking two graphene layers on top of each other can cause a drastic change in the electronic band structure, inducing new intriguing quantum states and physics properties. In ubiquitous AB-stacked bilayer graphene, the massive quasiparticles exhibit a quadratic dispersion near the Dirac point 4 . In twisted bilayer graphene (tBLG) with a sufficiently large rotational angle between the two layers, the energy bands of the two layers retain their linear energy dispersions at the Dirac points 5 and the Dirac cones of the two layers intersect, leading to the formations of saddle points in reciprocal space and van Hove singularities in the density of states 6,7 . The superposition of the lattices of the top and bottom layers also gives rise to the emerging moiré pattern, leading to the formation of Hofstadter butterfly energy spectra 8, 9 . In tBLG with a small twisted angle, the interlayer coupling strongly depends on the twisted angle 10,11 , making it possible to host strong correlated quantum states. Very recently, both superconducting and Mott-like insulating states have been observed in tBLG near the "magic angle", 12-15 opening up a new way of exploring strong correlated systems.
In the presence of a relatively large magnetic field, graphene exhibits unusual quantum Hall effect, along with the chiral edge states. As for SLG, the quantized Hall resistance R xy follows 1/R xy =4e 2 /h(n + 1/2) with integer number n. 2, 3 For the case of tBLG with a large twisted angle, the Hall plateau resistance follows a different progression 1/R xy =8e 2 /h(n + 1/2) due to the eightfold degeneracy of the Landau Levels 16 , originating from the spin, valley, and layer degrees of freedom 17 . In the quantum Hall regime, one-dimensional chiral edge states form at the boundaries. Recently, there is growing interest in the transport studies of equilibration and interference of the edge states using graphene hybrid structures 18-20 .
Nevertheless, the study of quantum Hall states in tBLG has so far mainly been performed on homogenous samples 17,21 . The transport properties of SLG-tBLG hybrid structures have seldom been explored.
Several methods have been employed for producing tBLG, including epitaxy on the C surfaces of SiC 22 , artificial stacking by dry-transfer technique 17,23 and chemical vapor deposition (CVD) 24,25 . Recently, we have achieved high-quality tBLG by means of CVD 25,26 . These CVD-grown tBLG samples contain naturally formed SLG-tBLG junctions with an atomi-cally sharp interface. Considering the difference in edge channels formed in single layer and twisted bilayer graphene in the quantum Hall regime, these SLG-tBLG junctions offer an intriguing platform to investigate the edge state coupling in graphene heterostructures. It is also interesting to study how the junction interface impedes the electron transport across the junction 27 .
In this work, we report on an experimental study of the transport properties of a SLG-tBLG junction device. Our high quality SLG-tBLG junction is synthesized by CVD and the device was made in a Hall-bar configuration on a Si/SiO 2 substrate. Low-temperature transport measurements show that the tBLG region in the device exhibits well-developed quantum Hall effect at relatively low magnetic fields, demonstrating that our tBLG sample synthesized by CVD is of good quality. The resistances across the SLG-tBLG junction (cross-junction resistances) on the two sides of the Hall bar are measured in details at different magnetic fields. We observe that in the quantum Hall regime, one of the two cross-junction resistances exhibits a series of quantized plateaus, while the other one tends to stay at zero. These intriguing cross-junction transport properties are well explained by assuming the edge state transport along the Hall-bar boundaries and the junction interface, based on the multiterminal Landauer-Büttker formalism, and thus provide a new physical insight into the edge state transport along the junction interface. We further show that the cross-junction resistance offers a sensitive measure in probing the degeneracy breaking of the Landau levels in tBLG in the quantum Hall regime.
RESULTS AND DISCUSSION
The graphene junction device studied in this work is made from a CVD-grown SLG-tBLG junction on a Si/SiO 2 substrate (see Methods). High crystalline quality graphene films consisting of SLG, bilayer graphene, and as-formed their junctions were grown via CVD (see Supporting Material for details). To evaluate the quality of the as-grown graphene films, Raman spectroscopy measurements were conducted. The left panel of Figure 1a presents a representative Raman spectrum of a graphene film, consisting of SLG, tBLG, and ABstacked bilayer graphene regions, and the inset of Figure 1a shows a corresponding optical image of the sample. Under the illumination of a 514-nm wavelength laser, the tBLG region exhibits a ∼20-fold enhancement in intensity of the Raman G-band compared with the that of the 2D-band. By contrast, the intensities of the Raman G-bands in the SLG region and the AB-stacked bilayer graphene region are rather weak in comparison to their corresponding 2D-bands in the regions. As a fingerprint of tBLG, the resonant enhancement in intensity of the Raman G-band, which has been previously observed in tBLG by several groups 26,28,29 , is caused by the coupling and interaction between the two layers in tBLG 26 . In the Raman mapping graph (the right panel of Figure 1a ), the enhanced G-band intensity is uniform over the whole tBLG region, showing an evidence that our tBLG is of high quality. As a comparison, the G-band signature is fairly weak in the AB-stacked bilayer graphene region and becomes nearly invisible in the SLG region. In addition, the clear moiré pattern seen in high-resolution transmission electron microscope (HRTEM) image ( Figure 1b A sketch for a representative SLG-tBLG junction device and the measurement circuit setup is shown in the top panel of Figure 1c , in which the single layer-bilayer boundary stretches across the middle of the Hall bar. The multiterminal configuration of the device allows us to characterize the single layer and twisted bilayer region independently. The voltage probes across the junction, V U and V D , at the two sides of the sample, are designed to detect the edge state transport along the interface of the SLG-tBLG junction, as we will discuss below. To further confirm that the bilayer region of the junction is twisted, Raman spatial mapping for a typical SLG-tBLG junction device was carried out and the result is shown in Figure 1c Figure S2a ), we can estimate, using the nonlinear fitting method 30 , that the field-effect carrier mobility in the tBLG sample is ∼36465
To the best of our knowledge, this value of the mobility is the best result so far reported for the tBLG devices made from CVD-grown tBLG on Si/SiO 2 substrates 31,32 .
The quantum Hall plateaus are seen to be well developed at relatively low magnetic fields (seen in Figure S2b ), which further confirms the high mobility of the tBLG sample.
Our studies first address the characteristic quantum Hall states in tBLG through magnetotransport measurements performed in the tBLG region at T = 1.9 K. The Hall resistances R xy measured for the tBLG region as a function of gate voltage V g at T = 1.9 K and at different magnetic fields are displayed in Figure 2a . We can observe the well-developed plateaus at magnetic fields below 4 T with the Hall resistance following the sequence of 
For example, in the range of gate voltages marked by the green vertical stripe in Figure   3b , where ν 1 =2 and ν 2 =4 (as in the situation described by the lowest panel of Figure 3a) , the cross-junction resistance would take a plateau value of (1/4)h/e 2 according to Eq. (1). This is exactly the value observed in our experiment. In the same way, in the gate voltage region marked by the orange vertical stripe (a hole transport region), where ν 1 = −6 and ν 2 = −4 (as in the situation described by the second panel of Figure 3a) , the cross-junction resistance would take a plateau value of (1/12)h/e 2 , in good agreement with our observation. Figure S3 ) and, thus, the bulk transport is present in the SLG region which leads to addition of a finite resistance in the cross-junction resistances, R D and R U , measured in our device. Approximately, this finite resistance contribution is the same in R D and R U . Thus, the contribution could be subtracted out of the measurements by examining the difference between the measured R D and R U , as we will discuss below.
The lower panel in Figure 3c shows the same measurements as in the upper panel, but at the reversed magnetic field of −9 T. It is seen that the measured R U (R D ) at this negative field resembles well the measured R D (R U ) at the positive field. These results satisfy the Onsager relation which shows that the measured longitudinal resistance (or voltage drop) using the two probes on one side of a symmetric Hall-bar device at a positive magnetic field is equal to the measured longitudinal resistance using the two probes on the other side of the Hall-bar device at the reversed field. Visible deviations between the measured R U at the positive magnetic field and the measured R D at the negative field are due to presence of inevitable asymmetry in our device.
In Figure 4a Figure 2a ). As a results, the energy scale E B = 5.9 meV corresponds to a measure in the energy difference between the first and second hole Landau levels in the SLG region at B=9 T. The fact that a smaller value of E B than E A is observed is in a good consistence with the theoretical prediction that the energy spacing between two adjacent Landau levels decreases with increasing Landau level index 36 . At filling factors (2, 4) (i.e., on plateau C), the system is in the electron transport regime. Here, electrons in the extra ν 2 = 4 edge channels in the tBLG region are reflected and turn to transport along the SLG-tBLG junction interface (see the last panel of Figure 2a ). Thus, the energy scale E C = 20.1 meV presents a measure of the energy difference in n=0 and n=1 electron Landau levels in the tBLG region at B=9 T. The difference seen between E A and E C reflects the presence of the electron-hole asymmetry in the tBLG film.
CONCLUSION
In summary, we have fabricated a SLG-tBLG junction device in a Hall-bar setup and have studied the transport properties of the device. In the quantum Hall regime, we have observed a series of quantized plateaus in the longitudinal resistance measured across the SLG-tBLG junction of the device. We have showed that the resistance values on these plateaus can be described using the Landauer-Büttiker formalism and demonstrated the appearance of the edge channel transport along the SLG-tBLG junction interface in the device. We have also showed that the difference between the cross-junction resistances measured on the two sides of the Hall-bar provides a sensitive measure to edge-channel transport characteristics in the two graphene layers that constitute the junction and to degeneracy lifting of the Landau levels in the tBLG layer. Temperature dependent measurements of the cross-junction resistance have also been carried out and the influence of the transverse transport of the bulk Landau levels on the edge channel transport along the junction interface has been extracted. Our 
